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Arp 220 is

point of much

Sutnfttary

the prototypical luminous 11{,

debate on the origin, starburst

galaxy, and

or obscured

has been the focal

quasar, of t}te high

~ 2 of these objects. It also contains the prototypical 011 megamaserluminosity *

source3,  current models for which involve a low-gain masing screen a few hun-

dred parsecs across, which amplifies background continuum emission from the

4516. New line and continuum VI.]]] observations show that thenuclear regions *

011 line peak in Arp 220 is dominated ]Jy a feature of size <W 1 parsec, position-

ally aligned with a weak continuum VI,]]] feature. Most of the 011 emission

from A rp 220 originates on scales < 10 parsecs

maser gain, implying physical size scales of tile

smaller than previously supposed@. ‘J’he masc:r

and reflects a relatively high

masing regions 10-100 times

energetic require a compact,

warm, and powerful 1 ft pump source. A plausible moclel for the maser is that it

arises in the dense mc~lecu]ar  torus thought to surround many classes of AGN7.

These results suggest that much of the power output from ultraluminous  in-

frared galaxies may originate in an obscured quasar, not a nuclear starburst..

‘1’hc 011 I[legamasm- phcIIoIneIIolI was discovered:+ i]) 1982 in tlIc ultralu]ninous i]ifrarecl

galaxy Ar}} 220  (1,1,11{ N 1 0 1 2 1 , . ,  1)  =:76 M])c. wit]) 110 = 75kI11  s- ] Mpc-] ). hfC&illlH’I

c]nission  is cha rac t e r i zed  by fre.qucmtly  doul}lc-pca.kcd,  relat ively broad lines, with a. ILigll

r a t i o  o f  1667h411z  to 1665h411z  li]le strmlgths. ‘J’lic radio continuu]n  structure of Ar]} 220

co]isists of a 1 arcsm.ond (350]~c) douhlc~, a]id cacll co]il])o])c]lt  is barely resolved wit}l wO.15

arcscc resolutioll VI,A ohservatio]tss. 0 1 1  li]le i]nag;i]ig slIowcd  that in Arl)  2 2 0 ,  a s  iII

other lncgalna.scr galaxies, tlic Iiuc cvnissioll lias s t r u c t u r e  wllicl) ]himics  tlic c.oIlti]luurn

eJnissioJ19’}0  wllic,h hm led to a ]nodel  in whic]t tlic e]nissioll  is due to a forcgroulld screen  of. .

u]lsat urated  ]ow-gai]l  (T < j ) ]nascrs which  aln; l]ify illtclise backgrou]~d  co]lti])uum c]nissic)]l

4  ~,L1l. ])r~vio~]s v],]]]  ()]1 olmrvatic)]ls]]frol]l the galaxy I revealed colm)oIIcIIts  of si?,e <30

]nilliarcsccollds associated with mcl( c.olltilluuln  source, wllicll  wvre  tliought to accou]lt for
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only 4070 of tllc single dish line 011 flux. ‘1’hcsc were ilitcr~~rctcd  as amplif ied i~na.gm of

relatively strong, but undctxctcd,  inferred Vl,lll-scale continuum  components, collsist,cllt

with t.llc basic lncgamaser  picture. ltadii of 100 to 300 pc for the distance of t,llc clouds

12 t.hougl) a high-velocity outflow may originate from radii asfrom the nucleus are suggested ,

4 13 The powerful 50 12011111  infrared radiatioli  field of tllc nuclear region issmall as ]Opc ‘ .

thought to pulnp  the lnascrs. A~nong the 50 or so krlown  lncga~nascrs, a rough clcpcwdcnce

o f  J,oll m l,~..l,{ has been estal~lishcd4’5. ‘1’}lc 0 1 1  gas ]nay  trace v(’ry IIigll dcllsity rcgio]is4

(11,/2 = 105- 7).

l)urillg a c.ollt,iliuuln  global VI,lII  cx])crimc.llt  011 Sc])tmnlmr  19 and 2 0 ,  1 9 9 2 ,  data. 011

ArI) 220 ~’crc obtained using the l+;fl’clsbcr~; (100m),  Jodrcll IIallk (76m), Madrid (70111)

and Grecllballk WV (43111) telescopes. IIy fortunate c.llallcc,  tllc rcdsliiftcd 1667 Mllz 011

maser Inain  IiIic fell witliin t,l Ic passband  o f  t.lle 2&cllanncJ Mklll ]node-A  obscrvatio]ls  j]l

a sjgilificant subset  of these data, allowing us to ilivcstigatc tlic properties of the mase r

at uli preccdcntcd  angular rcso]utioll. M a n y  dctcctiol]s of tllc ]na.ser were made, cvc]i  011

the longest baselines, often with silnult,an~ous clctcc.tion  of co]ltilluuln frillgcs. lt, was, llow’-

ever, })ossiblc  to a.c}[icvc ]Iigh slwctral resolution for oJIly a small quantity of data, because

lnost c)f the original data. ta]ws had been  rccyc]c!d  after col[l])]ctioll  of t]lc  colltilluul[l-lllc)[]c

correlation.

IIig}l resolution spectra for 2 re])rcmlltativc baselillc/stalls, sllowilig  tlIe  alnplitudc  and

])liasc  of the coln])lcx  visibility as a fu~lction  of hcliocclit,ric velocity, arc ~)rescl[tcd  ill l“igurc

l ( a ) ,  a[(d (b). ‘1’IIc line ])cak as sce]i in sil~glc-disli  o}mervatiollss is domiliated t)y a feature

o f  dil]lemioll IIot cxcccdillg 1 ]Jarscc. IIy illtegratill~, tllc data across all frirlge  rates and

frcquellcies, we firld that rou,gli]y 70 ]wrcellt of tllc total siTlglc dish 011 crt)issioll  occurs 0]1

linear size scales of 10]~c. or less  along tlic lille-of-sigllt to t}lc colnl)act c o n t i n u u m  s o u r c e s .

IIy c o n t r a s t ,  tllc continuuln  clnissio]l  js dolninatcd  I)y a di(lusc c.o]lll)o]lellt  o f  li]]car  size

~ 1 00]) F’’0’14” S , and only 1.5 to 3 ])crccllt  of t]lc  flIJX dc]lsity is ill co~n])ac.t features detected

oIt our VI JIII basclillcs. ](;ach c.oll~])onc]lt  o f  tile l-arcsccoTld  doul)le st, ructurc  ili Arl)  220
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displays the above line and continuum characteristics. ~olitiliuum and IiIlc frjngm f r o m

the western nucleus arc simultaneously dctcctcd  in c.ol~tillu~ll]l-~r~ode  corrcda.t.jons  of two,

unconfud  long lmsc]incs. “1’he line and co]Ltjlluuln  frillgc  ~}hascs 0]1 these tmsclincs differ

by only 20 and 40 dcgrccs mspcctivcly, dcmonstratil)g  that at least for tile wcstcrm  nucleus,

the parsec-scale ]inc and continuum features arc ]~ositionally  coincident to wjthin about

o.2pc.

‘1’hc  spectra i l lustrated ill l’igurc 1, and otlicr s]>cctra  i]] our datasct, dclnonstratc  that

tllc 011 line clnissjon is much ]norc  p}lysical]y  compact than has been ]Jrcviously  sup~)oscd.

Our VI.B1 011 line mca.surcmcnts  arc broadly consjstcnt  wjtll previous rcsultsl  1, h o w e v e r

the fact that we have simu]tancous c.ontilluum detections allows us to address the question

of tllc location of the masing gas along tlic line-of-sight to the ]Iuclear  colitinuum sources.

‘J’his  is bccausc wc call  directly mca.sure  aln])lificat,iol)  factors on varjous size scales by coJn-

parisoll of simu]tancous  line and contjlluum corrc]at.cd  flux dcllsitjcs OJL var ious  basclillcs.

‘]’IIc  maser aInp]ification  factor within N] Opc of t}lc V],]]]  c.ontiIluum  mnissjon  is measured

to be ~ 60,  al)d  the line clnissjoli  f r o m  t h e s e  scaks accounts  for >N70% of tllc si]lglc-

clish line  flux associat.cd wjtll the s o u r c e . On larger scales, the rcnlainillg 30%, colnbincd

w i t h  z 977o  of the total continuuln,  yjclds an avcra~,c  maser a.ln]dific.ation  fza.ct,or a c r o s s

t}lc diffuse contjliuum  IIot cxcccding N 0.3. “J’bus,  tlIc a])])arcllt gain across tllc source js

]Iighly  conccmtra.t,cd  at sjtcs o f  V],])]  colltjnuu]n clnissioll, with lncan aln]]liflcation factors

illcr~’asjng by a fidctor  ~ 200 ass one ]novcs  from the scale of the diffuse colltjnuuln  (tcIis to

IIulldreds  of parsecs) to below  NIOpc  scales. llnlcss our line of sight to this source is higli]y

f o r t u i t o u s .  wc must  l)rcsume that tllc a])])arcl)t  gain distributioIi  is  s imilar  wllcli  vjcwed

frmll  a]l directions, imp]yjng that the lna.siIlg gas is also hig]l]y’  coTlc.clltratcd  near the V],]]]

ccllltinuutn mnissioll, at c:ich of tllc two IIuclci.  ‘J’}tc ])]ohablc ])llysical  cxte]It of tile l)ulk of

t}l[!  Jll&SjJl~ ~&S iS ]CSS th2ilI 20{)C  (?’ ~ ]()])C).

‘ 1  lie 011 lnegamaser  ill Arp 2 2 0  t h u s  h a s  a sul)stantialty  dif[crcIlt Ilaturc froln  that

])rcvious]y  su})p0Scd5. lnstcac]  of lmiIlg a  large-scale phe]Io]IIcJIoII  ]Jroduccd  by lnolecular
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clouds distributed in intcrstc]kir  space over a volume of order 10Gpc3,  in a region dolninated

by the nuclear stellar gravitational potential, it is a slnall-scaje phCIIOIneIIOII  manifested 011

scales which i m p l y  v o l u m e s  o f  < 103pc3,  ill a rc!gioll  wllcrc the gravitat ional  potential  is

likc]y  to be dolniuatcd by  a central su]jermassivc black IIolc.

q’o assess the FIR.  pumping photon  flux tlirougll tllc maser, a calculation involving the

isotropic lulninosity of the maser, pu?np  cfiicimcics, velocity dislwrsiolls alld other  va.riah]es

i s  IIecessary  (see e.g .  R e i d  a n d  Morali16). We have ]xrformcd  such a calculation ulidcr

r ea sonab l e  a s sumpt ions  ( t o  be re~)ortcd  in detail e lsewhere) ,  and find t,}lat the lna.ser  is

probably pulnpcd  by a compact, warm (r < 301)c, 7’ ~ 1501{) IR source liiddcn from direct

v i e w  by cooler  dust  which reproc.csscs  tIic  radiatio]l into the obscv-vcd  GO 100pJn s]wctral

rcgioll  on > 100pc scales. We calculate that all IIL source of tliis size and tmnpcrature Inust

sup])]y  a fraction 0.()] /c of t]lc tots] ]uminosity of Arp 220,  w]lcrc  c is t]ic p u m p  photorl

eflicicncy,  in order to power the observed 011 cvnissiorl. l’;fiicicvlc.icx above 0.01 arc generally

thought to he unlikely ill discussions of Ina,scr puJlll)ing. ‘J’llis is a strong constrairit  on

the Ioc.atioll  of tlte ultimate power source, arlcl ari i]ldicatioll tliat in Arl)  220, ]nucll  of tile

]ulni~losity  ])robab]y orig;ina.tes  from  a si]lg]e,  cclltra] ]ocatic)ll  (i.e. an o b s c u r e d  q u a s a r )

ratllcr than froxn a lluclcar starburst d i s t r i bu t ed  c~vcr a few IIulldrcd  ]jarsccs.

‘1’he q u e s t i o n  n a t u r a l l y  arises as to tllc liaturc of the ]Jllysic.al entity w]iich contains

the Illasing gas . Many  li]ic.s of evidwicc illdiratc t,llat t}lc a])l)cararlc.e  of various classes of

AGN  is strongly  rnodificd  by viewing allg]e7, a]ld cclltral to current models for ariisotro])ic

r ad i a t i on  i s  an  obscu r ing  dcllsc ll~olcc.ular torus w’llicll forlns fro~n illfi~llillg material  ir~

tlic gravitatioltal ])otelitial well o f  tllc c e n t r a l  su])crlnassivc black llole]7.  ‘1’lIc  ]Jllysical

c o n d i t i o n s  to be ex~wctcd  witllil)  such a torus ]Iave I)CCII cxtcllsivcly lIlodcl]cd17,18,  al)d W,C

earl investigate tlLc feasibility of ])roducillg  tllc 011 IIlaser  clnissioll fron]  such a torus.

Accclrding  to current IIlodcds, a typical cloud ill tlIc  torus has Jiumb?r density ?Ll] N 107,

colu JI]rI d ens i t y  N 1024c.m-  2, arid tcmImra.turc  N 1 ():41{. ‘J’lte cloud co~erirlg  factor to tllc

central AGA’  source is of cmdcr  unity. lkspite  a high iorlized  frac.tioll  (xc ‘ ?IC/7L}{ w 10 - 3),
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caused by tile penetrating hard X-ray flux froln  tile ccl)tral source, lnany of the m o d e ]

ruIls  yield  clouds tra.Ilsparcnt to free-free absorj)tioll at G]]z frcqucncjcs.  ‘1’]Ic predjct,cd 0]1

a b u n d a n c e s  relative to ]]2 are typic.a]]y  high, N ] ()-” 4, aIid t]ic  fa.r-i~lfrared  optical depths

are lnoderate (T N ] bctwccn  50 and 100 l~n~ for co]u  Ii]Ji density w 1024 CIn-2).  In a torus

with these ~~ropcrties  covering 27r stcra,dians with iIlllcr  radius w3])c,, w ]059 ()]1 mo]cculcs

will be present, sufficient to explain the observed 011 luIniIlosity16~19.

‘J*1Ic  o b s e r v e d  ]iIlc profi]e  froln a lnasiIlg t o r u s  wi]] dc]mld Ilot  oJI]y OJI  the gain of t]lc

lna-sing gas along various lines of sight, bIJt also OJI the strmigtli of the background co~ltinuum

available for amplification a~ong these ]iIlcs of sig}lt. Since t}lc conti I1uuln is sharply peaked,

wit]] sub-pc sc.a]c fca,turcs, wc should sw a, stroIlg, Iclativc]y narrow line core with weaker

b r o a d  wings. ‘J’hc Keplerian  vclocit,ics  at a  radius  of  a few pc froln  a 1.5 x 107h40  black

itcde (yic]ding 5 x 1011 J,C) at the ]’;ddillglon  lilnit for cacll  of the two ]iuc]ei)  arc C]OSC to 200

kln s--l, so the total velocity width of tllc wings s}lould bc 011 the order of 400 km S-l. ‘1’his

accuratc]y describes the observed sing] c-dish ]iIlc ]Jrofil@. As in any lnodc], the n a r r o w

]iIlcw’idths  SCCUI  at higher  resolut ions in  our  data  call  bc attrihutcd to individual  masing

clouds along a sil)glc  liIic of sight.

III sulnmary,  all AGN molecular  torus  .Inodc] for tlIc 011 ]nega]nascr  iJl Arp 220 fits

the obscrvat.ioIls rmnarlmbly  well,  a n d  iJl coJljuJlctio]l  with the maser ~}uml)ing  c o n s t r a i n t

discussed earlier a])l)cars to be an att, ra.ctivc  workilig lly])otlic.sis.  It has lmcII pointed out]s

t]lat t]lc tOr US itSC]f iS a CO])iOUS  source of ]]{ p]lotol]s,  aIld tllc! outer ])arts of the torus IIla.y

WC]] rc])rcseIlt  tllc lnaser })uln])iIlg  s o u r c e .

~~rl) 2“20 is conl]noJ)ly  used ill ]itmus tests of AGhT VCJ’SUS starl)urst Jnodc]s  of ultralull~i-

nous 1 1{ galaxics20, and as suc]t is regarded as tyl)ical of its class 2’. If our results can tlIus

l)e cIxtcIIded to the gc]lcral population c)f ]nqgaJllascr  galaxies, obscrvatioIls  of tile ]I]any 011

]llcga Jnasers a.cccssible  to V],]]]  oflcr  a ])owcrfu]  ]icw 1)1 OIW of A (;IN molecular tori and tllc

liitllcrto virtually unobservable iIitcriors of tllc lluck’i of lligl~ly obscured  galaxies. }~urt}lcr-

more,  the extaisivc currcIlt da t a .base  OJI t])e 50  or so kllowll  011 ]ncganla.sms5  rc])rescllts



fm(ile ground for the investigation of torus and IIost galaxy  properties, through analysis

of line ratios and profiles in the contcx( of a Iiew il[tcrprctation. Our  arguments  011 t}Ie

pulnping  encrgctics  would prcsulnab]y apply to mcgama.sm galaxies in general, strongly

favourillg  an obscured AGN origin for the 1+’11{ lulni~losity.

q’he estatdishc.d l.o}f w l)~,.l}t rclationshi])  is consistent wit}l this new  picture. l’h’idcncc

is available that the continuum Vl,llI-scale radio Jwwcr  I,v1,l;I is J)ro]jortionaI to 1,~1]~ in

F’1 N galaxies 2 2. ‘J’hc  colltinuuln lulninosity  0]1 parsec scales available for am])lificatioll by OIJ

gas ill the torus is l,vI,B1,  different by a large factor flol]l  tllc continuum Jumi]losity on larger

scatc,s USMJ in previous  arguments  of this tyl)c. At the same ti]ne, the flux c)f 11{ J)ulnIJillg

p}iotolls  is also J~roJ)ortional  to the }“11{  lulflillosity, so that 1,o11  cx lJI<III{l,Vl,IjI  m I, f)I}{, as

otw’rvcd.

Sillcc  a torus  model predicts 01[ mega~nasm-  angular sizes resolvable only with V],])],

report.s of a])parcnt sJ)atial velocity gradicvits c)n lalgcr sc,alcs]9~23 would seem to co]lflict

with such a lnode]. IIowcvm,  these galaxies are stroIIgly associated with galactic merger

cvmlts, a n d  the })rcsencc  o f  t w o  IIuc.lcij cacli  w i th  its OWJI ~nasillg t o r u s ,  lnay be cc) III II)on

(co,,,~,are the early V1,A obscrvatio,is 9 of  Arp 220) .  Wc  suJ)port tl~c suggcstio]l~  that tllc

tyl)ical ctoublc-~)caked  liric ])rofilc in (3IJ ~ncga~nasms  is also a co]iscqucvlce  of dual IIuclei in

lllcrgillg Systelns, w’liich  lna.y be very  c.]osc t,ogctllcr s])atially.

l’illaily. l’igurc 1  (b)  shows cviclmlcc  for sigliificarlt mnissioll  on tlie blue side of tl[c

lnaill ]wak. out to ~ 5000 k]]) s’ 1. ‘J’lIe f l u x  d e n s i t y  ill tliis rcgioll  is mtilnatcd to IJC

30  d 10 IIi Jy, w’llicli  WIICII  colnJ)arcd  to a. sillglc-disli  sl)cc.truln  taticn o])ly 4.5 years earlier]s

su~mgcsts i-amiability, but wc IIesitatc to illtcrJ)ret it as SUCII  bccausc of lmscline subtraction

aIId calihratio]l u~lccrtaintim ill tllc sillglc-(JisJl d a t a .
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Figure 1 . IJri]lgc amplitude aIId phase as a. fu]ictioii  of IIcdioct!]ltric velocity, relative to

the 011 transition at 1667.359 Mllz, for two rcprcscultativc Imsm]incs.  ‘J’IIc  data analysis,

including fringe searching, was performed using the N llA 0 AII’S  software package. in intcr-

feromctry, weak signals are most ca.sily recognized by a no)l-ralldom phase distribution; in

the displayed s~)cctra weak clctcctio:is arc evident t]lrough noli-random  c.llallllcl-to-cllal~]lcl

])hase  distributions ill sx!vcral  places, dcs]jitc low all~plitudes. ~alibration of  tl)c visibili-

t.ics was  perforlncd using tlie gain and system tcln]m-aturc  II]casurclnclits su])])liccl  by cacll

observatory. l’hc calibration was rcfil~cd using continuum  observations  of barely-rcmlved

cxtragalactic. calibrator sourccx  1611 + 343 and 0235-/ 164 u]ider  tllc assulnptioll  of flat visi-

I)ility  curves o]i the longy!r basc]incs. ‘J’lle calibration accuracy is cstimatmd to be 4 15CX.

Figure  l(a) Emission is detected ill about 20 clIanncls (68 km S-l). ‘J’]Ic  Inain  peak is

only Nlo km s- 1 wide (resolutio~i=  3.4 klrl S-l ), and accoulits for w80Y0 of tllc single-dish

flux density at tllc ]wak frcquc]lcy; it is IIot possible to see this ]nuc,]l  flux unless tllc altgular

size of the com])o)lcltt rcs])onsiblc for t]lc fringes 011 this baseline is less tliall about IIalf  tile

fringe sl)acillg, or of order  lpc. Fringes of colnpa,rah]c  strcngt]l wem seen  on otllcr hasclillcx

~vitll frillgc  s]jacil\gs down to 6.0 milliarcscc (2.1 })c.).

‘J’lIc  amljlitude of tlLc li]le ])cak is 51 tilncs lligllcr tllall that of si~nultallcously-detected

colltiliuuln frillgcs , a measure of tllc maser alll~)lific.atioll  fd.c.tor. A]n])lificatioll  factors of

N 60 to w 80 arc measured on other tmsclincs  with a wide range  of fringe sj)aci]lgs,  a]ld if

tlic lillc and coIlt,illuuln  structures differ siglliticalltly, still IIi.gller values are irn])licx].

Figure ] (b) A 4 h411z  s]mct,ru~n  sliowiTlg  tlic blue wing  to best aclvalltage, with vclocit~

]csolutiorl 1 0 . 2  kms  - l, and a  4 - m i n u t e  illtcgration  tilue to rm]ucc  lc)ss of signal  c]uc t o

l)eatillg betfvccll  tllc two nuclei . ‘J’llc lillc  elllission  o r i g i n a t e s  fro]n  tw’o Sc])arate regions

rouglIl:”  1 arcscco]ld a])art9’11, with a sc])aration/size ratio of at ]cast 30. \47e call  accoulll

fc)r at least 70(% of tile sill.gle-clisli  f l u x  d{~llsity  0 1 1  Imscli)lm  of this lc]igtll  l)y I~erforlnillg  a

collerelit iutegratiol(  across all fri~lgc rates altd all frcquenc.ics. ‘J1l~is  mnissioli  Illust tl!crcforc

originate olI scale’s slllallcr tlla~l about  10 ]jc.

1()



(k)llerellce of tl]c phase distribution indicates t.llat  Clnission  is detected over N450  Ii]ns- ~,

mostly on the blue side of the main ]wak. q’lIc  aln])litudcs  sufltir  f rom scvcrc noise  })ias at

these signal lCWCIS, but from the phmc dispmsio]l wc dcducw a Incall  correlated flux density

between 5000 km s-]and 5200 kln s-]of 304  10mJy, iucludillg c.alibratioll uncertainty.

‘lThe dashed li]le is tllc Arecibo si]lgle-dish  s]m.truln  t,akell  froln IIa.an,  Wood and 11ascllick3,

~)resellted  for  coln])arison purposes . It is intmldcd to illustrate tllc velocity registration c)f

certain features olily,  and lmc.ause  of the s}lar]~ly difli’rillg  llaturc of tlic clatascts (one a real

qual]tity,  the otllm- a. com])lex  quan t i t y  wit]}  co~n])lications  duc to fr inge rate  rcsolutio]l),

s h o u l d  llot  bc colnpar-ed  ill de ta i l , cs])cci ally ill tile lillc  wings. in j)articular, note  that

ally single slice tlirougll our datasct in fri]ige  rate, SUCII  as illis figure, does not rcprcscnt

the total 0]1 lu]ninosity  on tllcsc scales, thus a clirect  coln])arisoll witli tlIc single-disl]  f l u x

dmlsity is IIOt possible from t}iis figure.
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